Based on Homogeneous Equilibrium Model combined with full cavitation model, the cavitation flow inside a single-hole diesel nozzle is simulated. In order to analyse the effect of the fuel temperature increase on the characteristics of the internal cavitating flow, the inception and development of cavitation inside the diesel nozzle were analysed separately. Furthermore, the effect on the outlet velocity was also discussed. The computational results show that the temperature rising had significant effects on the cavitation flow inside a diesel nozzle. With the rising of fuel temperature, the cavitation phenomenon inside the nozzle appeared earlier, the transition to supercavitation was accelerated and the outlet velocity increased.
Introduction
Cavitation has been known to appear inside diesel nozzles for a long time. Even though the collapse of cavitation bubbles can lead to the surface erosion, cavitation inside the nozzle is expected to enhance fuel atomization, thus improving the combustion and reducing emissions in Diesel engines. Through experiments on real-sized or large-scaled nozzle, researchers have gained basic knowledge of this phenomenon [1] [2] [3] . On the other hand, numerical simulation has been proved to be another useful method to study cavitation [4, 5] .
However, most previous studies, whether through experiment or numerical simulation, have been based on the assumption that fuel temperature inside the nozzle is constant. In actual diesel engine, fuel temperature can vary from below 0℃ at cold start engine conditions to 150℃, or even higher [6] . Thus, the effect of fuel temperature variations cannot be ignored readily. Nevertheless, few researches have focused on investigating such effects. Following the results of He [7] , it turns out that cavitation inception was accelerated by the rising of the fuel temperature, comparing cavitation with the fuel temperature of 17℃ and 77℃. Apparently, the result is not convincing enough since the experiment carried out under only two temperature values. M. G. De Giorgi et al. [8] found that the length and behaviour of the cavitation were affected by liquid temperature by experimentally investigating a two-phase flow of water flow in a sharp-edged orifice. In fact, using water as the working fluid does not reflect the properties of fuel. Hence, it is still necessary to investigate the effect of fuel temperature taking into account realistic operating conditions in order to better understand and control cavitation in the future.
Considering the actual temperature effects on cavitation flow is extremely complicated, it is difficult to directly build a feasible cavitation model coupled with the temperature variations. However, based on the experimental results of P. G. Aleiferis [9] , the physical properties of fuel (density, viscosity and vapor pressure etc.) will vary with the change of fuel temperature. Obviously, there should be a group of unique values of fuel properties for every single temperature, which means that it is proper to use the change of fuel properties to simulate temperature variations. The objective of the present study is to provide more insight to the details of the effect of fuel temperature on cavitation. Thus, a CFD calculation of a diesel nozzle by using Fluent 6.3 is performed in this study. Data of fuel properties at various temperatures derived from experiments [10] are used to simulate actual effects of temperature (ranges from 30℃ to 150℃). To be more specific, the effect of fuel temperature on the inception and development of the cavitation inside the nozzle are separately investigated in detail. Furthermore, the influence of fuel temperature on the outlet velocity is also discussed.
Mathematical models and parameters
In present study, Homogeneous Equilibrium Model combined with full cavitation model used in previous studies [4, 5] is adopted to simulate the cavitating flow. In order to describe the cavitation characteristics in nozzles, two important non-dimensional parameters are introduced, which are the discharge coefficient and the cavitation number. The discharge coefficient C d is defined as the ratio of actual flow rate and theoretical one, which usually used as description of flow efficiency within nozzles.
Where q m is actual flow rate, A is cross-section area of a nozzle hole, p 1 is injection pressure and p 2 the backpressure. Cavitation number can be written as follow:
Where p v is the saturated vapor pressure.
Numerical simulations description
A single-hole diesel nozzle is used for numerical simulation in this study, whose geometrical features are shown in Fig.1 . The radius of the chamber R is 0.65mm, the diameter of the nozzle hole D is 0.26mm, and the ratio of the length and diameter L/D is 2.5. In our case, a two-dimension diesel nozzle model is adopted in numerical simulation for simplicity in solving. Thus, computational domain and grids for the nozzle can be observed in Fig.2 . To simulate realistic conditions inside diesel nozzle, 0#diesel fuel is used as the working fluid, whose fuel properties against temperature variations are listed in Table 1 . 
Results and discussions
Influence on the cavitation inception Fig.3 displays the discharge coefficient and mass flow versus the injection pressure. Results for the fuel temperature of 30℃, 90℃, 120℃, and 150℃ are depicted separately. Note that a similar trend for all temperatures can be observed: the discharge coefficient increases linearly with the injection pressure until a point where it stabilizes; the discharge coefficient then collapses, which can be used as a non-intrusive way to detect cavitation [5] . In addition, pressure conditions needed to reach this situation are called critical cavitation condition. The critical cavitation conditions are graphed in Fig.4 : the critical injection pressure needed to induce cavitation is provided for each temperature. The lower the critical injection pressure needed, the more prone the nozzle is to activate. Fig.4 clearly displays the change of injection pressure for incipient cavitation in consideration of temperature. Clear cavitation bubble clouds appear near the inlet of the nozzle when fuel temperature is 30℃. At 60℃, the cavitation inception takes place when injection pressure reaches to 0.65Mpa. Furthermore, the critical injection pressure drops to only 0.45Mpa when fuel temperature goes to 150℃. As the fuel temperature increases, the critical injection pressure is decreasing. In the range 30~150℃, the injection pressure decreases by 50%. Likewise, the value of cavitation number K related to the critical cavitation conditions is named as the critical cavitation number, K crit . Cavitation inception occurs until K crit is reached. The values of K crit with the temperature range varied between 30℃ and 150℃ are given in Table 2 . As expected, the values present a trend of rising. A higher value of K crit means that the flow has a greater aptitude to cavitate. With the injection pressure increase, the flow pattern moves to the developed cavitation regime after the cavitation inception. If the pressure further increases, supercavitation will finally be reached. In order to investigate the impact of fuel temperature on these two patterns, cavitating flows at different temperature (30℃, 90℃, and 150℃) were separately simulated. Simulations are conducted with 1Mpa injection pressure and 0.1Mpa backpressure. Fig.5 (a) shows changes in cavitation clouds with the rising of fuel temperature. The cavitation zone is clearly longer at 90℃ than at 30℃. In addition, temperature -dependence distribution curves of vapor volume fraction plotted in Fig.5 (b) show a clear discrepancy on the cavitation growth with temperature changes. Note that the curves present trends of "upwards" and "rightwards" when fuel temperature was raised from 30℃ to 150℃, which indicates that the cavitation zone becomes "thicker" and "longer". For further analysis, cavitating flow at other two injection pressures (8Mpa, 15Mpa) were simulated, whose results are shown in Fig.6 . It turns out that the influence of fuel temperature on cavitation growth is still remarkable despite of a rapid change in injection pressure. Therefore, these simulation results prove that the cavitation inside the nozzle was enhanced due to the increase in fuel temperature. Additionally, another interesting discovery is that the discrepancy decreased gradually with the injection pressure increase by comparing the shape of distribution curves at 8Mpa and 15Mpa. As can be observed in Fig.6 (b) , when supercavitation appeared (with an injection pressure of 15Mpa, cavitation clouds have extended to the exit of the nozzle), the influence of fuel temperature was relatively small since the curves at different temperatures nearly overlapped. Meanwhile, in order to better understand the influence of fuel temperature on supercavitation, more detailed simulations were carried out, which turns out that supercavitation appeared at lower injection pressure while fuel temperature increased. In Fig.7 , the injection pressure for supercavitation decreases when temperature increases: it is 13Mpa at 30℃but 11Mpa at 150℃. Thus, a conclusion can be drawn that temperature affected the growth of cavitation and also accelerated the transition to a supercavitation regime. It may be contributed to that cavitation bubbles are more prone to form due to a radical rising of vapor pressure induced by the fuel temperature increase. Moreover, higher temperature is in favour of a rapid growth of cavitation bubbles.
Influence on the cavitation development

Influence on the outlet velocity
It is well know that the outlet velocity has significant effects on the fuel spray [11] . Thus, it is necessary to investigate the influence of the fuel temperature on the outlet velocity.
As shown in Fig.8 , the curves of the outlet velocity are given under the injection pressure of 1Mpa and the fuel temperature of 30℃, 90℃ and 150℃, respectively. It turns out that the outlet velocity profile is reorganized with the temperature increase: as the fuel temperature increases, the profile of the outlet velocity becomes more "flat", and the velocity at the vicinity of the nozzle wall increases remarkably. This is mainly because that the cavitation leads to a reduction of effective cross-section in the nozzle, thus resulting in increased flow velocity; since higher fuel temperature can enhance the cavitation as analysed above, the outlet velocity will increase with the rising of temperature. Additionally, higher fuel temperature will cause a reduction of fuel viscosity in the cavitation zone along the nozzle wall, which in turn decreases the friction losses in the nozzle, then largely increasing the velocity near the nozzle wall. On the other hand, higher outlet velocity means that fuel jet will be more prone to form tiny droplets, therefore producing better atomization and then improving fuel/air mixing process. . Fuel temperature has effects on the cavitation inception. With the fuel temperature increase, the critical injection pressure decreases while critical cavitation number increases, which indicates that the ability to resist cavitation weakened. In other words, cavitation is more prone to appear at high fuel temperatures.
2. The effect of fuel temperature on the process of cavitation development is also remarkable. By increasing fuel temperature, cavitation clouds inside nozzle extends, which indicates that the cavitation zone became "thicker" and "longer". Meanwhile, higher fuel temperature accelerates the transition process from developed cavitation to supercavitation. Additionally, once supercavitation appears, the effect of fuel temperature becomes insignificant.
3. Outlet velocity is also influenced by the rising of fuel temperature, which presents a trend of rising. It can be attributed to the reduction in fuel viscosity and improved flow properties inside nozzle.
